Tissue biopsies and implant analysis during animal testing or clinical studies are a requirement for development of new surgical materials and procedures. In this paper we report the use of vibrational OCT (VOCT) to evaluate the viscoelastic behavior of tissues, polymeric materials, biofilms, and viscoelastic solutions of macromolecules. Our results suggest that VOCT is a useful technique to characterize the behavior of cellular tissues and biofilms, polymeric implant materials and viscoelastic solutions used in medicine. It is demonstrated that the modulus and resonant frequency squared per unit thickness is a feature that can be used to characterize a variety of tissues. Further work is needed to understand the generalized behavior of synthetic polymers and viscoelastic solutions.
Introduction
Tissue biopsies and implant analysis during animal testing or clinical studies are a requirement for development of new surgical materials and procedures. The need to minimize the number of animals used in pre-clinical testing of medical devices and the ethical challenge of doing surgical biopsies on patients with skin lesions has provided the impetus to develop non-invasive imaging methods such as magnetic resonance (MRI), ultrasound and optical coherence tomography (OCT) [1] techniques to study tissues and implants. However, since images alone cannot give a complete "picture" of the nature of the tissue or implant, we have developed a technique termed vibrational OCT (VOCT) [2] [3] [4] [5] .
This technique allows researchers to non-invasively and non-destructively measure the mechanical properties of tissues and implants and provides an image that can be used to evaluate biological processes that occur in tissues and at tissue-implant interfaces in vivo. In addition, this technique can be used to non-invasively and non-destructively evaluate the mechanical properties of implants in vitro [3] .
VOCT has potential applications in evaluating the progression of healing of surface wounds, the margins of skin and surface lesions, the efficacy of cosmetic and reconstructive procedures, biofilm formation and removal, and implant mechanical biodegradation. OCT is a technique used extensively in Ophthalmology and is gaining acceptance in Dermatology and Gastroenterology.
OCT is a non-invasive, non-destructive optical technique for imaging tissue. It has a penetration depth of between 0.5 and 2 mm depending on the light source used and the manner in which the reflected light is analyzed. It has been used to: detect and diagnose non-melanoma skin cancer [6] , visualize the functional microvasculature of the skin [7] , evaluate the oxidative effects of hair dying [8] , determine the margins of basal cell carcinomas before micrographic surgery [9] , and map vascularization in plaque psoriasis [10] . Quantitative uses of OCT include measurement of the surface distance to the first vessels [11] , characterization of cutaneous wounds [12] , thickness measurements in basal cell carcinoma and malignant melanoma [13] , differentiation of benign and malignant melanoma [13] [14] , and OCT capillaroscopy of nail folds [15] . Besides evaluation of skin lesion pathology, OCT has potential uses in following biofilm formation in skin wounds, biofilm associated contamination of implants and characterization of viscoelastic liquids used in surgery.
A biofilm is the accumulation of microorganisms and their extracellular products to form a highly structured bacterial community on a surface of tissue or an implant. Biofilms are present on epithelium and mucous membranes of human tissues, at insertion sites for medical devices, and form from airborne contamination [16] . Their presence leads to medical conditions such as prosthetic value endocarditis, keratitis due to contact lens contamination, bacteremia in urinary catheters, intravascular catheter infections, septic loosening of joint prostheses, prolonged skin wound healing, periodontal disease and caries, ventilator associated pneumonia, lower respiratory infections, and surgical site infections [17] .
Pseudomonas aeruginosa has been reported to be found in skin wounds and infected leg ulcers. Staphylococcus epidermidis and Staphylococcus aureus have been associated with biofilm formation on medical devices [17] . There are no methods available for rapid detection of biofilm formation in a clinical setting [17] . 
Biofilm Preparation
S. aureus biofilms were prepared from stock frozen solutions from the microbiology lab at Robert Wood Johnson University Hospital. The frozen S. aureus stock was inoculated to blood agar plates and incubated at 37˚C for 24 hrs. Five milliliters of Gibco LB broth was placed in a cell culture plate. Using a sterile wooden applicator stick, S. aureus colonies were inoculated onto the cell culture dish by picking a colony and introducing it onto the cell culture plate. The bacteria were incubated for 48 hours at 37˚C without agitation. After incubation, the cell culture plate was removed from the incubator and the LB medium was aspirated using a p-1000 pipette. The biofilm was present on the bottom of the cell culture plate and the sample was tested in the tissue culture plate. Commercial samples of Provisc and Viscoat viscoelastic solutions were obtained from Alcon, a Novatis company, and used as received. A drop containing between 0.2 and 0.5 ml of each sample was placed on a glass slide for examination.
New Viton rubber gaskets were obtained from Blaylock Gasket and Packing as well as a used gasket was obtained from a Ford transmission with approximately 100,000 miles on the odometer.
Methods

Imaging
Images of the samples were made by photographing the samples using a Samsung S8 cell phone. OCT images were made using a Lumedica OQ Labscope 
Mechanical Testing
Incremental stress-strain measurements In Vitro.
Samples were tested in uniaxial tension at 22˚C by adding a strain increment and then measuring the load before an additional strain step was added as de- 
Measurement of the Resonant Frequency
Samples were tested using vibrational OCT at 22˚C by applying a sinusoidal sound wave from a speaker placed beneath the sample as discussed previously
. Calibration samples and polymer strips were placed in tension by clamping the samples at the ends using grips connected to a moveable stage. The strain applied was determined from the movement of a micrometer attached to the stage. One of the grips was attached to a force gage. Tissue culture plates were placed on a rigid hollow frame above the speaker and vibrated from below. Drops of viscoelastic ophthalmic solutions were placed on a glass slide and placed on the rigid frame above the speaker. The frame, speaker, tissue culture dish and glass slide resonant frequencies were measured in the absence of the samples. Sample weighted displacements were corrected for any resonant frequencies of the speaker and support materials or from line voltage variations.
To calculate the vibrational modulus, transverse forces were applied to the sample by positioning an acoustic loudspeaker (Intervox S225RA-40) beneath the sample. A function generator (Agilent) was used to drive the speaker with sinusoidal waveforms at varying amplitude and frequency. The resonant frequency was determined as the frequency at which the maximum displacement was observed as described previously [2] [3] [4] [5] .
Transverse sample displacement was measured by spectral-domain optical coherence tomography (SD-OCT), a non-contact, interferometric technique as discussed previously [2] [3] [4] [5] . The resonant frequency of each sample was initially estimated at a single point by measuring the transverse displacement resulting from sinusoidal driving frequencies ranging from 30 Hz to 700 Hz, in steps of 50 Hz. Once the region where the maximum frequency was identified, ( )
The modulus from in vitro vibrational studies on calibration materials, fat, biofilms and rubber gaskets were determined using Equation (1) [5] . The biofilm thickness was estimated by weighing the Petri dish before and after the biofilm was grown on the dish and calculating the thickness knowing the culture dish area and assuming a density of 1.0. The mass and volume of drops of viscoelastic solutions tested were used to calculate the moduli of viscoelastic materials studied.
Measurement of Elastic and Viscous Behaviors
The elastic and viscous components of the viscoelastic behavior were obtained from measurements made from the driving frequency peak as described previously. The elastic component was obtained from the peak height while the viscous component was obtained by dividing the change in frequency at the half height of the peak (i.e. 3db down from maximum peak in power spectrum) by the driving frequency. This method is known as the half-height bandwidth method discussed by Paul Macioce (https://www.roush.com/wp-content/uploads/2015/09/Insight.pdf) [18] .
Results
A list of the samples tested and their resonant frequencies are shown in Table 1 . Photographic images of new and old Viton rubber samples and the Staph culture are shown in Figure 1 . The OCT images of the rubber samples, biofilms and the viscoelastic solutions did not reveal any significant details and are not shown due to the difficulty with getting clear images of these materials. An OCT image of fat is shown in Figure 2 and reveals details at the level of groups of cells. In the fat OCT image groups of cells (dark spots) are seen in juxtaposition to neighboring extracellular matrix.
Plots of weighted displacement versus frequency for S aureus biofilm (top), new Viton rubber gasket (middle) and old Viton rubber gasket (bottom) are shown in Figure 3 . Note the low value of the resonant frequency for cellular materials in the biofilm samples compared to polymeric samples. Also note the reduction of the resonant frequency in the old Viton sample compared to the new gasket. The tensile modulus of the new Viton gasket was 12.27 MPa and was reduced to 5.81 MPa in the old gasket (see Table 1 ). The tensile stress-strain curves for new (top) and old (bottom) Viton rubber gaskets are shown in Figure  4 and indicate that the old gasket required less stress to stretch to a fixed strain as compared to the new one.
Weighted displacement versus frequency for Provisc (top), Viscoat (middle) and water droplets on a glass slide (bottom) determined from vibrational OCT are shown in Figure 5 . The water droplet peak as a function of frequency was subtracted from the peaks to obtain the data for Provisc and Viscoat shown in Figure 5 . All peaks are listed in Table 1 .
The modulus as a function of frequency for new (top) and old (bottom) Viton rubber gaskets is shown in Figure 6 . The modulus measured is maximized at the resonant frequency while the loss modulus in percent of the total modulus as a function of frequency for new (top) and old (bottom) is shown in Figure 7 . The loss % decreases more rapidly with increasing frequency for the old Viton rubber gasket.
In Figure 8 is shown a plot of modulus determined from vibrational OCT versus resonant frequency squared divided by the thickness determined from
OCT. This plot illustrates that the elastic modulus of cellular materials and 
Discussion
The ability to identify and characterize a material used in surgery both prior to and after implantation is an important aspect of materials testing in animal experimentation. This helps limit the number of animals used during pre-clinical studies as well as facilitates outcome analysis during pre-clinical and clinical trials. The ability to do a "virtual biopsy" during animal studies and clinical trials would provide additional information not currently available. The current inability to image and measure the physical properties of implants leads to increased animal euthanasia in preclinical studies as well as limitations in analyzing clinical study results required to understand the outcomes obtained with implants and regenerative technologies. It is not possible from histological studies alone to evaluate the residual mechanical properties of implants which are important criteria for evaluation of biodegradation rates. We have developed a technique to image and measure the mechanical properties of tissues and implants using VOCT [2] [3] [4] [5] . This technique involves collecting images from OCT and then applying a sinusoidal sound wave to evaluate the resonant frequency of the material. The data generated includes a cross-sectional image and the displacement of the sample. If the frequency is varied from about 30 Hz to 700 Hz, the resonant frequency can be calculated from the frequency at which the maximum displacement occurs. Once the resonant frequency is known the modulus can be calculated knowing the OCT sample thickness and using a calibration curve developed from measurements on tissues and polymers. . The resonant frequency is obtained from the frequency at which the maximum displacement is observed. The modulus can be obtained using Equation (1) from physical measurements made on the sample.
Tissues
Recently we have published OCT images and moduli values of human skin, scar, cornea and sclera [2] . Tensile stress-strain curves for new (top) and old (bottom) Viton rubber gaskets. These curves were constructed using incremental tensile stress-strain measurements.
resonant frequency divided by sample thickness [5] for tissues and collagen samples. In this paper we extend those observations and report an approximate linear relationship exists between modulus and resonant frequency squared divided by the sample thickness for biological materials (see Figure 8 ). Using this relationship it is possible to identify tissue components seen in OCT images of biological materials based on their mechanical properties. It appears that the cellular materials are found at low values of the modulus in Figure 8 while the collagen-based materials are found at higher modulus values. Further studies will provide more data to evaluate whether this relationship can be applied to synthetic polymers; however the values for polymers studied in this study do not fall on the line in Figure 8 .
Polymers
While the bulk of polymers used in medicine include, glycolic acid, polylactic acid, polydimethylsiloxane, polytetrafluoroethylene, polyethylene, polyacrylates, polyurethanes, and natural polymers such as collagen, hyaluronan, alginates and silk [1] [19], their properties vary extensively depending on how they are and water droplets on a glass slide determined from vibrational OCT. The peak for water was subtracted from the peaks shown for Provisc and Viscoat, respectively. compounded and processed. Numerous tests have been used to elucidate mechanical properties of tissues and implants including tensile, compressive, shear, hydrostatic compression, and three-point bending in one or more axial directions [19] . The majority of these tests are destructive in nature rendering the material useless after testing.
Polymers can be tested non-invasively and non-destructively using VOCT to show how processing steps affect the mechanical properties of the device. It is In this study we report significant differences in the mechanical behavior of new and old Viton rubber gaskets. The old gasket after aging showed a reduced modulus. This led to a slightly higher viscous loss and ultimately would lead to premature mechanical failure. Using VOCT, polymeric implants can be evaluated for changes in mechanical properties during and after each processing step which will facilitate product development and shorten pre-clinical evaluation times.
Biofilms
A variety of bacteria have been reported to be present on biofilms found on tissues and implants including Staphylococcus epidermis, Pseudomonas aeruginosa, Staphylococcus aureus, and Escherichia coli (E. coli) [20] [21]. Layered S. epidermidis has been reported to be 1000 times more resistant to antibiotics compared to free floating cells [22] . Protective changes occur in bacteria after conversion from isolated cells to film-protected cells. 16] . Biofilms sluff off materials termed endotoxins once they are mature. Endotoxins are important in implant failure. Lipopolysaccharide (LPS) also called endotoxin, is an integral component of the outer cell membrane surrounding the inner cell wall of gram negative bacteria found in biofilms. It is associated with proteins and other cell membrane components, such as cell-wall anchored proteins (CWA) [23] [24] . LPS is the origin of endotoxins that are released during bacterial cell division and destruction of cell walls by antibiotics and host immune responses [24] . The adverse effects of biofilms are mediated by release of endotoxins at concentrations of less than 1 nanogram per ml [24] . The health effects of circulating endotoxins include fever, hypotension, septic shock, respiratory distress syndrome, disseminated intravascular coagulation, sepsis, periodontitis and aseptic loosening of orthopedic implants [24] . It has been reported that orthopedic, craniofacial and wrist implants can have substantial amounts of endotoxins remaining after sterilization [24] [25] . This can lead to aseptic loosening of implants [24] and prevents osteointegration of orthopedic implants [25] .
Our results of the studies conducted with VOCT suggest that biofilms seen in pictures growing on Petri dishes in culture are too thin to be imaged by OCT; however, their resonant frequencies can be measured by VOCT. In wounds, where the tissue is easily imaged, it may be possible to get images of biofilms on the surface. Since the resonant frequencies of collagen in skin and that measured for biofilms are so different (40 Hz for biofilms and about 100 Hz for collagen in skin), it should be possible to assess the presence of biofilms with VOCT.
Viscoelastic Liquids
Modern cataract surgery, utilizing phacoemulsification, is one of the most common surgeries performed in economically advanced countries. 3.5 M procedures are performed in the United States alone. Viscoelastic solutions are an integral part of cataract surgery. These solutions are used during surgery to maintain normal intraocular spaces and pressure when the eye is opened and intraocular pressure is suddenly reduced to zero. These viscous solutions protect intraocular structures from irrigation damage and touch from intraocular instruments and devices and are used to delicately manipulate intraocular structures. These effects have been demonstrated in an animal models and humans during phacoemulsification [26] .
Removal of a cataract during ophthalmic surgery is aimed at restoring visual acuity in order to secure a fast return to normal social life and work. To decrease postoperative endothelial cell loss, different ocular viscoelastic devices have been proposed to facilitate surgical tasks including maintaining space during surgery, and protecting the endothelial cells from trauma. These effects have been demonstrated in an animal model and humans during phacoemulsification [26] .
Our results suggest that the cohesive behavior of viscoelastic solutions can be studied using VOCT; however, the behavior is more complicated than that observed for tissues and polymers. When studying the behavior of a drop of a World Journal of Mechanics viscous polymer solution with about 1% polymer content by weight, the behavior of water comes into play. While the polymer resonant frequency is much higher than that of water, the water appears to have at least one peak. The peak is at about 60 Hz and probably reflects cohesive energy of the water when placed on a glass slide. This peak disappears when a small amount of detergent is placed in the water suggesting that the surface tension of the water on glass is balanced internally within the droplet by cohesive energy forces between water molecules.
When the resonant frequency of water is subtracted from that of the Provisc and Viscoat samples, there are two peaks seen for the two polymer solutions. While it is not possible to interpret the meaning of each of these peaks without studying the effects of different polymer solutions, it can be speculated that the first peak represents water polymer interactions while the second peak involves polymer-polymer interactions in solution. Further studies are needed at different pHs, concentrations, and polymer molecular weights to further characterize the significance of the two resonant frequencies seen for Provisc and Viscoat. Since both Provisc and Viscoat contain high molecular weight hyaluronic acid, future studies are needed that will look at this molecule in solution with varying molecular weights.
Conclusion
In this paper we report the use of VOCT to evaluate the viscoelastic behavior of tissues, polymeric materials, biofilms and viscoelastic solutions of macromolecules. Our results suggest that VOCT is a useful technique to characterize the behavior of cellular tissues and biofilms, polymeric implant materials and viscoelastic solutions used in medicine non-invasively and non-destructively. It is demonstrated that the modulus and resonant frequency squared per unit thickness is a characteristic feature that can be used to identify cellular and macromolecular materials in complex mixtures. Since synthetic polymers do not follow the same relationship between modulus and resonant frequency squared per unit sample thickness shown by cellular materials and collagenous tissues, further studies are needed to characterize additional polymeric materials to understand their behaviors.
